Abstract Holocene climate modes are identified by the statistical analysis of reconstructed sea surface temperatures (SSTs) from the tropical and North Atlantic regions. The leading mode of Holocene SST variability in the tropical region indicates a rapid warming from the early to mid Holocene followed by a relatively weak warming during the late Holocene. The dominant mode of the North Atlantic region SST captures the transition from relatively warm (cold) conditions in the eastern North Atlantic and the western Mediterranean Sea (the northern Red Sea) to relatively cold (warm) conditions in these regions from the early to late Holocene. This pattern of Holocene SST variability resembles the signature of the Arctic Oscillation/North Atlantic Oscillation (AO/NAO). The second mode of both tropical and North Atlantic regions captures a warming towards the mid Holocene and a subsequent cooling. The dominant modes of Holocene SST variability emphasize enhanced variability around 2300 and 1000 years. The leading mode of the coupled tropical-North Atlantic Holocene SST variability shows that an increase of tropical SST is accompanied by a decrease of SST in the eastern North Atlantic. An analogy with the instrumental period as well as the analysis of a long-term integration of a coupled ocean-atmosphere general circulation model suggest that the AO/NAO is one dominant mode of climate variability at millennial time scales.
Introduction
The Holocene is the most recent period in the geological record. It began at the time of retreat of the continental ice sheets at the end of the last glaciation, which occurred at about 10 000 calendar years before present (10 cal. kyr BP). Although the Holocene climate appears as relatively stable when viewed in a long-term perspective, significant climate fluctuations were identified during this period (e.g. Bond et al. 1997; Mayewski et al. 1997; deMenocal et al. 2000) .
Various terrestrial and marine records show that the Holocene was marked by coherent patterns of climate variability at regional or global scale. These patterns of past climate variability are often related to changes in major phenomena that dominate the last century climate variability like the El Nin˜o Southern Oscillation (ENSO) (Clement et al. 1999; Tudhope et al. 2001; Kitoh and Murakami 2002) or the Arctic Oscillation/ North Atlantic Oscillation (AO/NAO) (Rimbu et al. 2003) .
We address the question whether the patterns of interannual to decadal variability of the last century climate are relevant for the Holocene climate variability. Our study is focused on the possible role of the AO/ NAO in generating global scale climate variability during the Holocene. The signature of the AO/NAO during the Holocene was identified in lacustrine data from the northeastern United States (Noren et al. 2002) as well as in the North Atlantic sediment cores (Keigwin and Pickart 1999) . Concordant variations are detected in the time series of sea-salt sodium in the Greenland Ice Sheet Project Two (GISP2) core, believed to be an indicator of storminess and sea spray in the atmosphere of the highlatitude North Atlantic region (O¢Brien et al. 1995; Fisher 2001) . In this study, we investigate the dominant modes of tropical and North Atlantic SST variability as well as the coupled variability between these regions during the Holocene.
The work is organized as follows. Data and methods are described in Sect. 2. The spatial and temporal patterns of the SST variability in the tropical and North Atlantic regions as well as the coupled variability of SST from these regions are discussed in Sect. 3. An analogy with the instrumental period is presented in Sect. 4. The interannual to centennial variability in a long-term climate simulation with a coupled ocean-atmosphere circulation model with relevance for Holocene climate variability is presented in Sect. 5. Discussion of the results and the conclusions follow in Sects. 6 and 7, respectively.
Data and methods
In this study, we consider 18 SST records solely based on the alkenone method as paleo-thermometry in order to avoid potential bias due to using different SST proxies. The paleotemperature estimates are based on the abundance ratios of long-chain unsaturated alkenones with two to four double bonds (Brassell et al. 1986; Prahl and Wakeham 1987) . Alkenones are synthesized by the class Prymnesionphyceaeof which the coccolithophorids Emiliania huxleyi and Gephyrocapsa oceanicaare the two most common sources of alkenones in contemporary oceans and sediments (Volkman et al. 1980; Conte et al. 1995) . Different alkenone unsaturation indices and calibrations were applied for each alkenone SST record (Table 1 ). The errors in alkenone temperature reported for the culture calibration and for the global core-top calibration reach about 0.5°C (Prahl and Wakeham 1987) and about 1.5°C (Mü ller et al. 1998) , respectively. Analytical precision for each record considered here, however, was much better than the one for the calibrations. Detailed core chronologies have been described in previous studies (Table 1 ). In brief, the age models of SST time series considered in this study were established mainly by accelerator mass spectrometry (AMS) 14 C determinations. The age model of the core AD91-17 is additionally based on correlation with oxygen isotopic records (Capotondi et al. 1999; Siani et al. 2001) . The mean temporal resolution of each record varies between 64 and 627 years (Table 1) .
For the interpretation of the Holocene climate variability that resulted from statistical analysis of alkenone SST data, we looked for an analogous situation in the last century climate. To this purpose we used the sea level pressure (SLP) data set constructed at the Climate Research Unit, at University of East Anglia, UK (Jones 1987) covering the Northern Hemisphere (poleward of 20°N) for the period 1873 to 2000 as well as the global sea surface temperature (SST) data set constructed by Kaplan et al. (1998) for the period 1856 to 2000 for boreal winter (January/ February) season.
To better assess the Holocene SST variability, we investigated the interannual to multi-centennial scale variability as resulted from a long-term integration of the ECHO-G ocean-atmosphere coupled model (Legutke and Voss 1999). The ECHO-G consists of the 4th generation atmosphere model ECHAM (T30 horizontal resolution and 19 vertical levels), coupled to the HOPE ocean circulation model, which includes a dynamicthermodynamic sea-ice model with snow cover (Legutke and Voss 1999) . The experiment has a duration of 2300 years of model integration using atmospheric greenhouse gas concentrations (280 ppm CO 2 , 700 ppb CH 4 , and 265 ppb N 2 O) that are typical for the preindustrial era, and modern solar radiation . The experiment with constant preindustrial conditions provides a basis for the statistical analysis of long-term spatial and temporal patterns related to natural climate variability.
In our study we used the empirical orthogonal functions (EOF) analysis (von Storch and Zwiers 1999) to provide an objective characterization of the dominant modes of the Holocene SST variability. The eight (ten) well-dated time series of tropical (North Atlantic) SSTs (Figs. 1b and 4b) were reduced into spatially coherent orthogonal eigenvectors. These eigenvectors, together with their corresponding time coefficients (PC) and eigenvalues (a measure of the variance described by each eigenvector) are referred in our study as modes of SST variability. The EOFs also served as a data-filtering procedure to eliminate the noise. A similar procedure was used to identify the dominant mode of Holocene temperature variability in the eastern North Atlantic (Marchal et al. 2002) as well as to analyze the climate variability during the last deglaciation (Clark et al. 2002) . We used the EOF analysis also to derive the dominant modes of Northern Hemisphere atmospheric circulation variability at interannual to multi-centennial time scales as resulted from a long-term simulation of the ECHO-G coupled ocean-atmosphere general circulation model.
The dominant modes of coupled tropical-North Atlantic SST variability during the Holocene were identified using a canonical correlation analysis (CCA) (von Storch and Zwiers 1999). The CCA is an appropriate tool to search for linear relationship between two space-time-dependent variables. The CCA selects a pair of spatial patterns of two space-time dependent variables so that their time coefficients are optimally correlated. The time coefficients, or canonical time series, describe the strength and the sign of the corresponding pattern for each realization in time. Prior to the CCA, the original data were projected onto their EOFs and only a limited number of them were retained, explaining most of the total variance.
The temporal patterns of the time coefficients of the dominant EOFs of alkenone SST variability were Pelejero et al. 1999a; Wang et al. 1999 North Atlantic Realm investigated using the singular spectrum analysis (SSA, Ghil et al. 2002) . The SSA is designed to decompose a short and noisy time series into three statistically independent components: trends, oscillatory patterns and noise. The trends need not to be linear and the oscillations can be amplitude and phase modulated (Ghil et al. 2002) . In our analysis all time components with a time scale longer than 3 kyr (i.e. the size of the window) are referred as trends while the time components with time scales smaller than 3 kyr are referred as centennial to millennial scale variations. To filter out the noise, we reconstructed the centennial to millennial scale signal from several SSA components (usually four) and analyzed this reconstructed signal using the multi taper method (MTM, Ghil et al. 2002) . These statistical methods require that the SST values from the different records are available for the same time intervals. SST values in 100 years time intervals were derived using linear interpolation. The SST anomalies against the SST mean over the considered period were calculated for each record and normalized with the corresponding temporal standard deviation. Prior to statistical analysis, the SST time series were smoothed with a 300 year running mean filter.
3 Tropical and North Atlantic Holocene variability from alkenone SST data
Tropical SST variability
The alkenone SST records from the tropical region (Fig. 1a) show a general increase in the SST from the early to late Holocene (Fig. 1b) . Superimposed on this positive trend, a long-term SST variation with a maximum around 4-7 cal. kyr BP is seen in most of the time series. These SST reconstructions also show important fluctuations at centennial to millennial time scales (Fig. 1b) .
To better assess the long-term variability of tropical SST during the Holocene, we analyzed the time series represented in Fig. 1b with the EOF method. The first EOF (Fig. 2a) , which describes 67% of the variance, has a monopolar structure. Its associated time coefficients (PC1) indicate a variable positive trend (Fig. 2b) . This mode captures a rapid increase in tropical SST from the beginning of the Holocene at about 10 cal. kyr BP to about 6 cal. kyr BP as well as a moderate warming from 6 cal. kyr BP to the present. Small amplitude fluctuations at centennial to millennial time scales are superimposed on these long-term trends (Fig. 2b) .
The second EOF of the SST data from this region describes 19% of the variance (Fig. 2c) . The time coefficients of this mode (PC2) show a maximum around 4-7 cal. kyr BP (Fig. 2d ). This indicates a relative high SST during this period in the northern and southern part of the tropical region as defined in our study. This tendency can be directly detected through a visual inspection of the records 2 (ODP 658C), 3 (ODP 1078C), 4 (MD79257) and 8 (17940-2) shown in Fig. 1b . The PC2 shows also centennial to millennial scale fluctuations (Fig. 2d) .
In order to identify the temporal patterns of tropical SST variability during the Holocene, we decomposed the time coefficients associated to the leading modes of SST variability from this region (Fig. 2b, d ) using SSA. The reconstructed signal from the first two SSA components (i.e. trends) of the PC1, which describes 94% of the variance, captures the long-term transition of the tropics from relatively cold conditions during the early Holocene to relatively warm conditions during the late Holocene (Fig. 3a) . The reconstructed signal from the next four SSA components, which describes 4% of the variance, shows enhanced millennial scale variability (Fig. 3b) . The MTM spectrum of this signal (Fig. 3c ) reveals significant peaks around 2.3 and 0.7 kyr. The trend pattern of the PC2 as resulted from the SSA shows a maximum around 4-7 cal. kyr BP (Fig. 3d) . The MTM spectrum of the PC2 variations in the centennial to millennial band (Fig. 3e) shows a significant peak around 2.3 kyr (Fig. 3f ).
North Atlantic SST variability
The SST records from the North Atlantic region (Fig. 4a) indicate both positive and negative trends as well as important centennial to millennial scale variations (Fig. 4b) . The records from the eastern North Atlantic and from the western Mediterranean Sea indicate a general cooling from the early to late Holocene, consistent with a previous study (Marchal et al. 2002) . The record 18 (GeoB5844-2) from the northern Red Sea indicates a general warming from the early to the late Holocene. A moderate warming is indicated also by the core 16 (RL11) from the central Mediterranean Sea (Fig. 4b) . Superimposed on these trends, some records show relatively high temperature values around 4-7 cal. kyr BP, similar to the tropical records (Fig. 1b) . Consistent with this visual observation, the first EOF of SST records from this region (Fig. 5a ), which describes 60% of the SST variance, emphasizes an out of phase relationship of SST variations from the eastern North Atlantic as well as the western Mediterranean Sea and the northern Red Sea. This Holocene SST pattern resembles the AO/NAO SST related pattern in this region during the last century (e.g. Hurrell et al. 2003) . This mode captures the transition from relatively cold (warm) conditions in the northern Red Sea (the eastern North Atlantic and the western Mediterranean Sea) during the early Holocene to relatively warm (cold) conditions in these regions during the late Holocene. A similar pattern was identified in this region based on twelve alkenone time series of different resolution (Rimbu et al. 2003) . The second EOF of the SST reconstruction from this region (Fig. 5c) describes 18% of the SST variance. Its time coefficients (Fig. 5d) show a maximum around 4-7 cal. kyr BP. This indicates rel- Similar to the tropics, we decomposed the time coefficients of the two leading modes of North Atlantic region SST variability during the Holocene in trends and centennial to millennial scale variations using the SSA. The trend signal, which describes 96% of the PC1 variance, shows weak variations from 10 cal. kyr BP to about 6 cal. kyr BP followed by a strong increase with a maximum around 1-2 cal. kyr BP. The reconstructed signal from the next four SSA components, describing 3% of the variance (Fig. 6b) , shows enhanced centennial scale variability. The MTM spectrum of this signal (Fig. 6c) shows two peaks around 2.3 and 1 kyr. As for the tropics, the SSA decomposition of the PC2 shows a trend pattern with a maximum around 4-7 cal. kyr BP. The reconstructed signal in the centennial to millennial band (Fig. 6e ) emphasizes enhanced variability around 2.3 kyr (Fig. 6f) .
Coupled tropical-North Atlantic SST variability
The EOF analysis of the tropical and North Atlantic SST variability during the Holocene reveals that a warming in the northern Red Sea as well as a cooling in the eastern North Atlantic and the western Mediterranean Sea is accompanied by a warming over the entire tropical region. Furthermore, the 2.3 kyr cycle seems to be a common characteristic of both the tropical and North Atlantic regions. In order to better assess this relationship, we perform a CCA analysis of the alkenone SST records from the tropical and North Atlantic regions.
The leading CCA mode of tropical SST (Fig. 7a) explains 37% of the variance. This mode shows in phase variations of the SST at six core locations. Only the cores 2 (ODP 658C) and 4 (MD79257) show SST variations of the opposite sign (Fig. 2a) . The leading CCA mode of SST variability from the North Atlantic region (Fig. 7b) resembles the SST anomaly pattern associated with the AO/NAO during the last century (e.g. Hurrell et al. 2003) . This pattern describes about 64% of the alkenone SST variance. The corresponding time coefficients (Fig. 7c) show variations similar to those of time coefficients of the first EOF of the North Atlantic SST variability (Fig. 5b) . In brief, the CCA indicates that a decrease (increase) in the eastern North Atlantic (the northern Red Sea) SST is associated with an increase in SST in the tropical region. This pattern of SST variability can be detected also directly through a visual inspection of the alkenone SST records from the tropical (Fig. 1b) and North Atlantic (Fig. 4b) regions.
Analogy with the instrumental period
In order to evaluate the nature of climatic connections between the tropical and North Atlantic regions during the Holocene, an analogous situation in the last century climate is examined. For this purpose, we investigated the relationship between the dominant mode of Northern Hemisphere atmospheric circulation and global SST for the period 1873 to 2000. Prior to the EOF analysis, the winter (DJF) SLP data were detrended and normalized with the local standard deviation. All time scales from interannual to multi-decadal were considered in our EOF analysis. The first EOF of the Northern Hemisphere winter SLP variability has an annular structure with an out-ofphase relationship between the polar and midlatitude regions (Fig. 8a) . This pattern resembles the AO/NAO (Thompson and Wallace 1998) . Globally, it explains 22% of the SLP variance. The correlation map of the time coefficients of this pattern (PC1) and global SST (Fig. 8b) shows significant (95% level) negative correlations over the tropical Atlantic and some regions of tropical Pacific and Indian oceans as well as significant positive (negative) correlations in the eastern North Atlantic (the northern Red Sea). Therefore, enhanced negative SST anomalies in the tropical region together with positive (negative) SST anomalies in the eastern North Atlantic (the eastern Mediterranean Sea and the northern Red Sea) may be an indication of an enhanced positive phase of the AO/NAO at these time scales. Consistent with these results, negative SST anomalies in the tropical Pacific (i.e. La Nin˜a conditions) are statistically significantly related to a SLP pattern in the North Atlantic similar to the positive phase of NAO when the entire observational period is considered in the analysis (Pozo-Va´zquez et al. 2001) .
The tropical and North Atlantic SST patterns as derived from CCA (Fig. 7) indicate that positive (negative) SST anomalies in the eastern North Atlantic (the northern Red Sea) are associated with negative SST anomalies in the tropical region. This pattern of the global Holocene SST variability is qualitatively similar to the SST pattern associated to the AO/NAO during the last century (Fig. 8b) . This suggests a possible role of AO/NAO in generating the Holocene SST variability.
Coupled ocean-atmosphere general circulation model experiment
To better relate the centennial to millennial scale Holocene variability resulting from the statistical analysis of alkenone SST data with natural climate variability, we analyzed the data from a long-term integration of the ECHO-G coupled model. Details of these climate simulations are given by Lorenz and Lohmann (2004) . It should be noted that in this climate simulation the variability is generated only by internal processes while the alkenone SST variability and the variability during the instrumental period are due to both internal and external forcing. We compared the model simulation with instrumental data investigating the relation between the dominant mode of the Northern Hemisphere atmospheric circulation and the global surface temperature for interannual to multi-decadal time scales. Prior to the EOF analysis, we filtered the simulated data in the 1-100 year frequency band, in order to retain these time scales, only. The first EOF of the Northern Hemisphere SLP variability at these time scales as simulated with this model (Fig. 9a) describes 30% of the SLP variance. It has an annular structure similar to the AO/NAO pattern derived from instrumental data (Fig. 8a) . The temperature pattern associated to this simulated pattern is very similar to the corresponding pattern based on instrumental data from 1873 to 2000 period (Fig. 8b) .
For multi-centennial time scales (i.e. time scales longer than 100 years), the first EOF of Northern Hemisphere SLP variability, which describes 40% of the SLP variability in the model simulation, also has an annular structure (Fig. 9c) . The correlation map of the time coefficients of this EOF with simulated surface temperature (Fig. 9d) shows a pattern that is qualitatively similar to the corresponding temperature pattern from interannual to multi-decadal time scales (Fig. 9b) .
Discussion
The statistical analysis of our alkenone SST data reveals that during the early Holocene relatively high (low) SST in the eastern North Atlantic (the northern Red Sea) was accompanied by relatively low SST (i.e. La Nin˜a like conditions) in the tropical region. Consistent with the indications shown by our alkenone SST data, Ecuadorian varved lake sediments (Rodbell et al. 1999 ) and corals from Papua New Guinea (Tudhope et al. 2001) indicate that ENSO events were considerably weaker between 8.8 and 5.8 cal. kyr BP. Predominant La Nin˜a conditions in the tropical Pacific during the early Holocene are suggested also by model simulations. A simulation with an intermediate complexity ENSO model (Zebiak and Cane 1987) forced by variations in heating due to orbital variations in seasonal insolation shows weaker ENSO activity in the early to mid Holocene than in the late Holocene (Clement et al. 1999) . Another recent model simulation shows that tropical Pacific temperature and circulation patterns at 6 cal. kyr BP are similar to those observed at the present-day La Nin˜a period (Kitoh and Murakami 2002) . Based on an analogy with instrumental period as well as on the results of our model simulation, we argue that this early to mid Holocene temperature pattern is compatible with an enhanced positive phase of AO/ NAO during this period.
The first EOF of Northern Hemisphere winter SLP for the period 1873 to 2000 has an annular structure. The correlation map of the time coefficients of this EOF and SST over this period indicates significant negative (positive) correlations over most parts of the tropical region, the eastern Mediterranean Sea and the northern The second EOF of SST from tropical and North Atlantic regions suggest a relatively warm period around 4-7 cal. kyr BP period. This warming period is also reflected in other proxy records from many parts of the world, although the dating of the climatic episode is variable and there are geographical differences in the timing of the thermal maximum (e.g. Marchal et al. 2002) . This mode captures also the relatively cool periods at the beginning and end of the Holocene.
Our coupled model simulation indicates basically the same temperature pattern associated with the simulated AO/NAO for time scales ranging from interannual to multi-centennial. This suggests that the AO/NAO plays an important role in generating not only trends but also millennial scale variability during the Holocene. The dominant modes of tropical and North Atlantic Holocene SST emphasize enhanced variability around 2.3 kyr. A cycle of about 2.5 kyr also characterizes glacier advances in Europe, North America, New Zealand (Denton and Karlen 1973) and central Asia (Zhang et al. 2000) . Furthermore, a 2.5 kyr cycle is seen in the Indian Ocean hydrography (Pestiaux et al. 1988) . The latter has been attributed to a combination tones of the orbital precessional and obliquity cycles, representing an internal nonlinear response of the monsoon system to solar forcing (Hagelberg et al. 1994 ). The alkenone-based SST patterns suggest that the 2.3 kyr cycle is linked to the strength of AO/NAO during the Holocene. This is consistent with the results reported by Rohling et al. (2002) , who showed that increasing in the strength, duration and frequency of northerly polar continental air outbreaks over the Aegean Sea follows a 2.3 kyr cycle modulating the temperature in this region. Indeed, the enhanced northerly advection of continental air over the Agean Sea is the regional manifestation of AO/NAO bringing cold air from Southern Europe over the eastern Mediterranean Sea during its positive phase (Rimbu et al. 2001 ). In the multi-centennial band, the time coefficients of the dominant pattern of North Atlantic SST variability show enhanced variability at about 1 kyr. This cycle also characterizes the Holocene isotope data from the GISP2 ice core (Grootes and Stuiver 1997) as well as various reconstructed climate variables from Northern and Central Europe (Schulz and Paul 2002) . The time coefficients of the first EOF in the tropical region also show enhanced variability in the multi-centennial band at about 0.7 kyr. A similar cycle characterizes the East Asian monsoon regime (Wang et al. 1999 ).
The AO/NAO variability at different time scales can be linked to both internal and external forcing. Model studies have shown that significant variability at time scales ranging from interannual to multi-centennial can be generated by atmospheric processes (James and James 1989; Garric and Huber 2003) , oceanic or coupled ocean-atmosphere system (Latif and Barnett 1994; Goodman and Marshall 1999; Delworth and Mann 2000) and sea-ice system. All these internal processes could partly generate the AO/NAO variability shown by our model simulation. External forcing, like volcanic activity or solar irradiance (Shindell et al. 2001 (Shindell et al. , 2003 could also be related to long-term variability of the AO/ NAO. Further studies will clarify wheather the AO/ NAO Holocene variability as suggested by the SST alkenone records considered in this study is related to internal or external forcing.
Conclusions
The analysis of alkenone-based SST reconstructions, an analogy with the instrumental period as well as a longterm simulation of the coupled ocean-atmosphere ECHO-G model suggest an important role of the AO/ Fig. 8 ). A recent model simulation (Rimbu et al. 2003) shows that the enhanced positive phase of the AO/NAO at 6 cal. kyr BP relative to present-day is accompanied by relatively low insolation in the tropical region. In this simulation the transition from more positive to more negative phase of AO/NAO from 6 cal. kyr BP to the present-day is related to the increase of tropical insolation during the winter season associated with the Earth¢s precession at cycle. The second modes of Holocene SST variability from the tropical and North Atlantic regions describe the relatively high temperature pattern during 4-7 cal. kyr BP. This warm period is also observed for temperature reconstructions derived from terrestrial vegetation (Huntley and Prentice 1988) and mountain glaciers (Porter and Orombelli 1985) , and is often referred to as the Holocene Climatic Optimum (Crowley and North 1991) .
The leading modes of alkenone-based Holocene SST investigated in our study show enhanced variability at a time scale of about 2.3 kyr. We showed that this cycle, which was detected in various particular paleorecords (Bond et al. 1997; Mayewski et al. 1997; Rohling et al. 2002) has a global character. The global scale of this mode may be related not only to a global forcing (e.g., Rohling et al. 2002) but also to tropical-extratropical atmospheric teleconnections as shown here.
The statistical analysis of our alkenone SST data set as well as the model simulation show consistent patterns of Holocene climate variability. However, we should keep in mind that the Holocene patterns shown in this work are based on a low spatial and temporal resolution SST data set. In particular, the period and amplitude of cyclicities identified in the multi-centennial band are subject to large errors. Also the alkenone SST data can suffer from bias due to influence of environmental parameters other than temperature (Bard 2001) . Therefore, additional high resolution spatio-temporal proxy data sets are necessary to examine the spatial and temporal patterns of Holocene climate variability. Model experiments with different forcing factors will be performed in order to establish the physical mechanisms behind the dominant modes of Holocene climate variability. Prior to the analysis the data were filtered in the interannual to decadal band (1-100 year) and multi-centennial band (greater than 100 years), respectively
